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OYNAHIC  STRUCTURAL  AEROELASTIC  STABILITY  TESTING 
OF  THE  XV- 15  TILT  ROTOR  RESEARCH  AIRCRAFT 


by 


L.  G.  Schrotrt 
A«roaweh*nies  La  bora  to  ry 
U.S.  Amy  Aviation  RGB  Command 
Ames  Research  Cantor 
Hoffott  FI  aid,  California  9403$,  U.S. A. 


A8S TRACT 

For  tha  past  20  years,  a  significant  effort  has  baan  mad*  to  undarstand  and  pradlct  tha  structural 
aeroalastlc  stability  characteristics  of  tha  tilt  rotor  concapt.  Beginning  with  the  rotor-pylon  oscilla¬ 
tion  of  the  XV-3  aircraft,  the  problem  was  Identified  and  then  subjected  to  a  sarles  of  thaoretlcal  studies, 
plus  model  and  full-scale  wind  tunnel  tests.  Fro*  this  data  basa,  methods  were  developed  to  predict  the 
structural  aeroelastic  stability  charictarlstlcs  of  the  XV-15  Tilt  Rotor  Research  Aircraft.  This  paper 
examines  the  predicted  aeroelastic  characteristics  In  light  of  the  major  parameters  affecting  rotor-pylon¬ 
wing  stability;  describes  flight  test  techniques  used  to  obtain  XV-15  aeroelastic  stability;  presents  a 
summary  of  flight  test  results;  compares  the  flight  test  resutts  to  the  predicted  values;  and  presents  a 
limited  comparison  of  wind  tunnel  results,  flight  test  results,  and  their  correlation  with  predicted  values. 


1.  BACKGROUND  -  PROBLEM  IDENTIFICATION 

The  XV-3  Tilt  Rotor  Aircraft,  shown  In  Fig.  1,  identified  a  problem  of  possible  rotor-pylon-wing 
instability  during  maneuvers  in  the  airplane  mode.  During  the  1962  NASA  Ames  40-  by  80-Foot  Hind  Tunnel 
test  of  the  XV-3  aircraft,  a  sustained  rotor-pylon  oscillation  was  encountered.  An  extensive  program  of 
analyses  and  model  testing  was  begun  to  investigate  the  low  frequency  rotor-pylon  oscillation  phenomenon, 
and  the  results  are  reported  in  Refs.  1  and  2.  The  objectives  of  these  Investigations  were  to  provide  a 
physical  understanding  of  rotor-pylon  stability,  and  to  establish  means  of  assuring  stable  configurations 
for  the  XV-3  and  future  tilt  rotor  VTOL  designs.  The  sustained  oscillation  (decreased  damping)  was  gen¬ 
erated  by  destabilizing  rotor  forces  that,  at  high  Inflow  angles,  could  become  significant  in  determining 
the  coupled  rotor-pylon  stability.  Figure  2  illustrates  the  forces  acting  on  a  rotor  and  pylon  system 
during  steady  pitching  motion.  A  complete  description  of  this  phenomenon  is  described  fn  Ref.  1,  but,  in 
brief,  the  destabilizing  moment  is  generated  by  the  H  forces  that  add  to  produce  a  hub  shear  force  in  the 
direction  of  the  pylon  pitching  rate.  The  destabilizing  moment  is  directly  proportional  to  blade  inertia, 
the  number  of  blades,  mast  length,  airspeed,  and  is  inversely  proportional  to  rotor  radius  squared.  The 
results  of  these  analytical  and  model  testing  programs  defined  the  major  parameters  that  can  affect  rotor- 
pylon-wing  stability.  These  major  parameters,  and  their  affects  on  aeroelastic  stability,  are  outlined 
in  Table  1 . 


TABLE  1.  MAJOR  PARAMETERS  AFFECTING  ROTOR-PVLON-WING  AEROELASTIC  STABILITY 


Parameter 

Affect 

Comments 

High  pylon 
mounting 
sti ffness 

Stabilizing 

Increasing  the  pylon  stiffness  increases  the  frequency  of 
the  pylon  oscillation  so  that  the  rotor  cannot  follow*  and 
the  rotor  mode  of  oscillation  remains  highly  damped. 

Swashplate/ 
pylon  coupl ing 

Destabilizing 

Rotor  controls  must  be  isolated  from  pylon  motion  to  prevent 
destabilizing  forces  that  are  generated  when  the  rotor  plane 
is  disturbed. 

Delta  three 
control 

hestabil i zing 

The  use  of  negative  delta  three  control  reduces  maneuvering 
induced  rotor  flapping,  but  nas  a  destabilizing  effect  on 
rotor-pylon-wing  stability 

potor  elastic 

flapping 

restraint 

Stabi 1 i zing 

Spring  restraint  on  rotor  flapping  produces  a  stabilizing 
effect. 

Wing  mode 
effects 

Oestabil izing 

Wing  beam  and  torsional  degrees -of- freedom  produce  a  de¬ 
stabilizing  effect  by  lowering  the  pylon  stiffness  and 
consequent^  the  pylon  natural  frequency. 

Increasing 
ai rspeed 

Destabilizing 

Increasing  airspeed  is  destabil 1  zing  because  it  is  accom¬ 
panied  by  increasing  destabilizing  rotor  forces  at  high 
in- flow  angles . 

Increasing 
rotor  thrust 

Stabll  1  zlnq 

Increasing  rotor  thrust  has  a  stabilizing  effect  because  it 
has  the  effect  of  increasing  pylon  stiffness. 

Increasing 
rotor  rpm 

Destabi  1  izing 

Increasing  rotor  rpm  is  destabilizing  because  the  increase 
in  rotor  angular  momentum  produces  an  increase  in  proces¬ 
sional  moments  resulting  in  greater  rotor  destabilizing 
forces . 
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PREOtCTEO  XV- 1 5  STRUCTURAL  AEROELASTIC  STABILITY 


The  technology  bast  derived  fro*  the  earlier  analytical  and  model  testing  programs  nM  It  possl bit 
to  predict  tho  structural  aeroelastlc  stability  of  tha  XV- 15  Rotor  Research  Aircraft  with  a  High  dag ra# 
of  confldanca.  Tha  validity  of  thasa  pradlctlons  vara  than  avaluatad  by  additional  endet  and  full-scala 
tests.  Tha  rasults  of  thasa  tests  are  presented  and  discussed  In  a  later  section  of  this  paper. 

Tha  XV- 1 5  predictions  produced  by  tha  Ball  Helicopter  Coaipany  ware  based  on  a  linear  analysis  (BHC 
Proprotor  Stability  Analysis,  DVN4),  and  a  nonlinear  analysis  (BHC  Proprotor  Aerolastlc  Analysis,  DYHS) 
techniques.  The  0V1I4  and  0YN5  analysis  tachnlques  are  described  In  Ref.  3.  The  0YN5  program  Is  an  ex¬ 
panded  version  of  a  math  model  and  coaputar  prograa  developed  for  the  Air  Force  Flight  Oynaalc  Laboratory 
and  Is  described  In  Ref.  4. 

The  XV- 15  predictions  produced  by  the  NASA-Aaes  Research  Center  are  presented  In  Ref.  5,  and  updated 
predictions  are  presented  In  Ref.  6. 

The  predicted  rotor- pylon-wing  stability  characteristics  of  the  XV-15  in  airplane  aode  are  presented 
In  the  root  locust  format  In  Figs.  3,  4,  5,  and  5.  Bell  predictions  for  the  symeetrlc  and  asyeeeetrlc 
nodes  are  presented  In  Fig.  3  and  4,  respectively.  The  HASA-Aeies  predictions  for  the  symaetrlc  and 
asymmetric  modes  are  presented  In  Figs.  5  and  6,  respectively.  They  both  show: 

1.  Low  frequency,  highly  damped  rotor  inodes. 

2.  High  frequency,  lightly  damped  pylon  modes. 

3.  Low  frequency,  lightly  damped  wing  inodes. 

These  predictions  are  also  compared  to  flight  test  results  as  a  function  of  damping  ratio  U)  and  air¬ 
speed. 

Differences  In  the  predicted  damping  levels  for  the  various  modes  may  result  from  differences  In 
the  analysis  techniques.  These  differences  are  listed  in  Table  2. 


TABLE  2.  ANALYSIS  DIFFERENCES 


Sell  Helicopter 
(linear  analysis) 

Government 

Wing  motion 

Oiscrete  masses,  inertias  and  springs 
which  are  coupled  to  match  the  6  fun¬ 
damental  wing  modes  and  pylon  pitch 
and  yaw  nodes 

NASTRAN  mode  shapes  (all  six  components) 

Rotor  blade  lag  motion 

Purely  inplane,  rigid  body  rotation 
about  offset  hinge  with  spring  that 
represents  first  in-plane  cyclic  mode 

Coupled  inplane/out-of-plane  bending  modes  of 
elastic  blade 

Rotor  aerodynamics 

Analytical  integration  over  rotor  disk, 
using  single  lift-curve  slope  value 
(corrected  for  compressibility) 

(ldeallv  twisted  blade  X  3/4  radius} 

Numerical  integration  over  disk,  using  lift- 
curve  slope  based  on  local  angle-of-attack  and 
Mach  number 

Axial  flow  and  high  inflow  only 

Applicable  to  conversion  and  helicopter  mode 
flight  also 

Rotor  dynamics 

No  blade  torsion  dynamics 

Coupled  blade  bending  and  torsion 

Pitch/lag  coupling  calculated  from 
separate  analysis 

Pitch/lag  coupling  calculated  automatically 

3.  AIRCRAFT  DESCRIPTION 

The  XV- 1 5  aircraft  is  powered  by  two  Lycoming  T- 53  turboshaft  engines,  which  have  been  uprated  and 
modified  for  both  vertical  and  horizontal  operation.  The  three-blade  proprotors  are  1.62  m  (25  ft)  In 
diameter,  and  the  blade  twist  Is  *5"  from  root  to  tip.  The  rotors  are  glmbal -mounted  to  the  hub  with  an 
elastomeric  spring  for  flapping  restraint.  The  wlnq  span  Is  a.75m  (32  ft)  from  spinner  to  spinner,  and 
the  aircraft  Is  12.8  m  (42  ft)  long,  excluding  the  Instrumentation  boom.  Aircraft  dimensions  are  shown  on 
the  three-view  drawing  in  Fig.  7.  wing  loading  Is  3687  n/m:  (77  Ibs/ft2),  and  disc  loading  at  the  design 
gross  weight  of  13,000  lbs.  Is  632  n/m*  (13.2  lbs/ft2).  The  XV- 3 5  carries  669  kg  (1  ,475  lbs)  of  fuel, 
which  allows  a  research  flight  of  about  1  hour.  It  Is  equipped  with  LW-3B  rocket  seats  which  provide  a 
O-aHItude/O-alrtpeed  recovery  capability  for  the  crew. 

The  key  design  features  and  the  reason  for  selection  in  the  xv-15  design  are  listed  in  Table  3. 

The  XV-15  flight  control  system  Includes  exciter  actuators  in  the  right-hand  flaperon  and  right-hand 
collective  control  systems  to  excite  the  modes  shown  in  Fig.  8.  Inflight  structural  aeroelastlc  stability 
investigations  used  the  flaperon  exciter  actuator  to  excite  the  wing  beam  and  torsional  symmetrical,  and 
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TABLE  3.  KEY  XV-1S  DESIGN  FEATURES 


Design  Future 


Ruson  for  Selection 


Torslonelly  stiff  wing  and  stiff  Ample  stability  margin  at  lorn  technical  risk 
pylon-to-wing  attachment 

Forward-swept  wing  ptanform  Ample  clearance  (12  degrees)  for  flapping  in 

severe  maneuvers  and  gust  encounters 


Glmbaled,  stiff-inplane,  over-  Proprotor  loads  not  sensitive  to  flapping 
Mss-balanced  proprotor 

Air  and  ground  resonance  problems  avoided 

Blade  pitch-flap-lag  Instabilities  and  stall 
flutter  problems  avoided 


Large  tail  volune,  H  configure-  Good  damping  of  Dutch  roll  and  short-period 
tlon  flight  modes 


asymmetrical  bending  modes.  The  collective  exciter  actuator  was  used  to  excite  the  wing  chord  symmetric 
and  asymmetric  bending  modes.  Inflight  use  of  these  exciter  actuators  are  shown  and  discussed  in  the 
following  section. 

4.  FLIGHT  TEST  TECHNIOUES 

Structural  aeroelastlc  stability  flight  test  evaluations  were  conducted  at  the  contractor's  Flight 
Research  Facility  In  Arlington,  Texas,  and  at  the  NASA  Dryden  Flight  Research  Center  at  Edwards  AFB, 
California.  These  tests  were  conducted  within  the  limits  listed  below: 

1.  Design  gross  weight  of  5900  kg  (13,000  lbs)  and  a  neutral  C.G.  location. 

2.  At  density  altitudes  of  1,500,  3,000,  and  4,600  meters  (5,000,  10,000,  and  15,000  feet). 

3.  In  airplane  mode  (pylons  down  and  locked)  within  the  true  airspeed  range  of  170  to  296  knots. 

4.  At  two  rotor  speeds  of  98%  (589  rpm)  and  86%  (517  rpm). 

The  XV- 1 5  aircraft  was  predicted  to  have  low  frequency,  lightly  damped  wing  beam,  chord  and  torsion 
bending  modes.  The  three  techniques  used  to  excite  these  modes  are: 

1.  Atmospheric  turbulence. 

2.  Exciter  frequency  sweeps. 

3.  Exciter  frequency  dwell /decay. 

Strain  gages,  mounted  on  the  left  and  right  wing,  measured  the  beam,  chord,  and  torsional  bending 
response  of  the  wing  to  the  exciting  force.  The  left  and  right  gages  were  combined  in  a  sum/difference 
network  to  separate  the  symmetric  and  asymmetric  modes. 

In  the  first  technique,  the  aircraft  was  flown  in  moderate  turbulence  that  provided  a  broad  band 
excitation  force.  Continuous  time  history  records  of  the  wing  gages  were  taken  while  the  aircraft  was 
flown  in  trimmed  level  flight  in  turbulence.  The  digital  time  history  of  the  wing  beam,  chord,  and 
torsional  bending  data  were  then  analyzed  to  determine  the  natural  (or  resonant)  frequencies  of  the  wing 
structural  modes,  and  to  calculate  the  associated  structural  damping  ratio  for  each  mode.  The  method 
used  to  analyze  this  data  is  the  Random  Decrement  Signatures  (RANDOMDEC)  program  described  in  Ref.  7. 

In  the  second  technique,  the  aircraft  was  flown  in  trimmed  level  flight  while  a  constant  amplitude 
automatic  frequency  sweep  from  1  to  10  Hz.  was  performed  with  either  the  flaperon  or  the  collective 
exciter.  Again,  continuous  time  history  records  were  taken  during  the  frequency  sweeps.  The  data  were 
analyzed  off-line  using  the  RANDOHDEC  program  and/or  a  modal  analysis  technique  developed  by  the  Grumman 
Corporation. 

The  third  method  used  the  frequency  dwell/decay  technique.  In  this  technique,  the  pilot  flew  the 
aircraft  in  trimmed  level  flight  or  descending  wind-milling  (power  off)  flight,  and  the  copilot  tuned 
the  selected  exciter  to  the  desired  frequency  and  amplitude  as  dictated  by  the  on-line  monitoring  in  the 
ground  control  room.  Once  the  exciter  was  tuned  to  the  desired  wing  bending  mode,  it  was  turned  on  and 
the  mode  excited  at  a  constant  amplitude  and  constant  frequency.  Once  the  desired  mode  was  excited,  the 
exciter  was  turned  off,  and  the  excitation  decay  was  qualitatively  evaluated  in  the  control  room  before 
the  test  was  repeated.  These  decays  were  later  analyzed  off-line  using  an  interactive  computer  program 
to  obtain  frequency  and  damping  values.  This  interactive  program  is  discussed  in  Ref.  8  and  described 
in  detail  in  Bell  Helicopter  Company  Report  299-099-B9B. 

Figures  9  through  12  oresent  examples  of  the  dwell  and  decay  technique  for  the  symmetric  and  asym¬ 
metric  modes,  with  and  without  the  sum  and  difference  on-line  analysis  technique.  For  example.  Fig.  9 
presents  a  frequency  dwell  at  3.3  Hz.,  and  a  decay  response  of  the  symmetric  wing  beam  bending  mode  with¬ 
out  using  the  sum-and-di fference  technique.  As  shown,  both  the  right  and  left  beam  bending  modes  are 
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excited.  The  right  wing  been  binding  load  Is  hlghtr  th*n  the  left,  because  tbs  flaperon  sxcltsr  Is  oper- 
sting  on  tht  right  Ming  only.  *ro«  thtst  tracts,  It  Is  difficult  to  determine  If  tht  syewetrlc  or  asym¬ 
metric  beam  banding  aodt  Is  excited. 

Flgurt  10  Is  tht  saaa  frequency  dMtll/dtcay  rtcord  using  tht  sun  and  dlfftrtnct  technique.  Comparison 
of  tht  aaplltudt  of  tht  tuo  tracts  makes  It  appartnt  that  tht  syanetrlc  Ming  aodt  has  bttn  txclttd.  Tht 
posltlvt  daaplng  of  tht  symmetric  Ming  btaa  banding  aodt  Is  taslly  recognized  by  tht  shapt  of  tht  dtcay 
envelope  In  Fig.  9  or  10.  Tht  sum  and  dlfftrtnct  Mas  only  ustd  to  Identify  tht  Ming  banding  aodt.  Tht 
dwell-and-decay  ttchnlque  uorktd  vary  Mtll  on  tht  btaa  banding  aodt  for  thrtt  rtasons.  First,  tht  daaplng 
ltvtl  Is  posltlvt,  but  Iom,  asking  It  tasy  to  excite  tht  load.  Stcond,  tht  tablent  nolst  ltvtl  mss  Iom 
(nonturbultnt  flight  conditions),  and  tht  slgnal-to-nolst  ratio  Is  high  Mlthout  abusing  tht  structure  ulth 
excessively  high  txclttr  Input  forces.  Third,  the  syaattrle  natural  frequency  of  3.4  Ha.  was  sufficiently 
separated  froa  tht  asyaaetrlc  natural  frtqutncy  of  6.7  Ha.  to  prevent  coupling  of  tht  two  modes. 

An  example  of  coupltd  syeaMtrlc  and  asyaaetrlc  response  Is  shoun  In  Figs.  11  and  12.  Figure  11 
presents  a  frequency  dMtll/dtcay  rtcord  of  tht  syaattrlcal  wing  torsion  aodt.  Both  the  left  and  right 
wing  loads  have  a  "beat*  type  response  caused  by  the  coupling  of  the  syaaetrlc  and  asymmetric  nodes  which 
havt  a  natural  frtqutncy  of  7.7  and  3.2,  respectively,  and  are  very  close  to  tht  1  per  revolution  frequency  of 
the  rotor  which  Is  8.6  Ha.  Flgurt  14  prestnts  tht  state  dwell/decay  record  using  tht  sua  and  difference 
ttchnlque.  Again,  tht  sua  and  difference  technique  Is  used  to  Identify  which  mode  Is  excited,  but  the 
daaplng  level  is  not  easily  recognized  because  of  the  "beat*  type  response  that  still  exists  In  the  'sun' 
trace. 

The  dwell  and  decay  technique  was  the  primary  tool  used  to  measure  the  aeroelastlc  stability  of  the 
XV— 1 5  aircraft.  Its  advantages  are: 

1.  It  provides  a  polnt-by-polnt  evaluation  of  the  aeroelastlc  inodes. 

2.  It  provides.  In  most  cases,  the  opportunity  to  qualitatively  evaluate  the  damping  level  at  etch 
point. 

3.  Final  calculations  of  natural  frequency  and  damping  are  relatively  easy  using  the  analysis  tech¬ 
nique  described  in  Rtf.  8. 

4.  It  Is  easy  to  abort  a  test  (turn  off  exciter)  If  a  problem  Is  encountered. 

Its  disadvantages  are: 

1.  It  Is  time  consuming  to  do  a  point-by-point  evaluation. 

2.  It  requires  nonturbulent  atmospheric  conditions. 

3.  It  requires  extensive  ground-to-alr-to-ground  coordination. 

4.  It  was  difficult  to  excite  the  desired  symmetric  or  asymmetric  modes  because  the  flaperon  and 
collective  exciter  actuators  were  mounted  only  on  the  right  wing  and  right  rotor.  In  the  future,  the 
exciters  should -be  incorporated  on  both  rotors  and  wings. 

Oata  obtained  by  flying  in  moderate  turbulence  using  the  RANOOHDEC  analysis  method  compared  very  well 
with  data  from  the  dwell/decay  technique  as  shown  in  Ref.  8.  The  advantages  of  this  method  are: 

1.  Tests  can  be  conducted  in  turbulent  air. 

2.  It  is  time  efficient  in  that  data  for  all  modes  are  collected  simultaneously. 

3.  Very  little  ground-to-alr-to-ground  coordination  is  required. 

a.  It  may  identify  an  overlooked  resonant  frequency. 

Its  disadvantages  are: 

1.  It  does  not  provide  an  on-line  point-by-point  evaluation  of  individual  aeroelastlc  modes. 

2.  Without  this  point-by-point  evaluation  capability,  it  Is  not  as  easy  to  detect  stability 
augmentatlon/airframe  coupling  as  was  encountered  during  evaluations  of  the  asymmetric  wing  beam  bending 
mode.  (This  problem  Is  discussed  in  Test  Results  section  of  this  paper.) 

3.  If  a  problem  is  encountered,  it  Is  more  difficult  to  abort  the  test,  as  it  is  harder  to  "turn 
off"  the  turbulence  than  it  is  to  turn  off  the  exciter  in  the  dwell/decay  technique. 

4.  It  is  difficult  to  get  the  right  amount  of  turbulence  at  the  higher  altitudes. 

5.  The  data  is  more  difficult  to  analyze,  because  of  the  multiple  mode  content  of  the  data. 

The  automatic  frequency  sweep  technique  was  only  used  occasionally  during  these  tests.  Oata  obtained 
using  the  RANOOWDEC  analysis  compared  favorably  with  other  data,  but  the  disadvantages  of  the  technique 
outweighed  the  advantages.  Its  advantages  are: 

1.  It  can  help  to  identify  overlooked  resonant  frequencies  in  the  range  of  the  frequency  sweep, 

1  to  10  Hz. 

2.  Tests  can  be  aborted  easily  if  a  problem  is  encountered. 
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Its  disadvantages  sr« : 

1.  Tests  aust  be  flown  In  nonturbulont  atmospheric  conditions. 

2.  It  Is  tlM  consuming,  because  It  roqulros  i  polnt-by-polnt  dtti  collection  process. 

3.  It  does  not  provide  a  good  point-by-point  evaluation  of  Individual  nodes. 

4.  Control  systea/alrfram  coupling  Is  not  easily  recognised. 

5.  It  requires  considerable  ground- co-air- to-ground  coordination. 

S.  The  data  Is  difficult  to  analyte  because  of  the  multiple  mode  content  of  the  data. 


5.  FLIGHT  TEST  RESULTS 

The  results  of  the  structural  aeroelastlc  stability  tests  conducted  with  the  xv-15  Tilt  Rotor  Research 
Aircraft  are  summarized  In  Fig.  13.  Natural  frequency  and  damping  ratio  data  Is  plotted  as  a  function  of 
calibrated  airspeed. 

The  predicted  natural  frequencies  of  the  si*  primary  wing  bending  modes  agree  very  well  with  those 
measured  in  flight  as  shown  in  Table  4.  9otn  Bell  Helicopter  Company  and  NASA  Ames  used  the  NASA  NASTRAN 
program  to  predict  mode  natural  frequencies.  NASA  Ames  and  Bell  Helicopter  predicted  curves  of  aeroelastlc 
structural  damping  levels  las  a  function  of  alrsoeed)  are  atso  presented  In  Fig.  13.  The  largest  discrepancy 
between  the  two  prediction  techniques  is  seen  In  the  symmetric  and  asymmetric  wing  beam  bending  modes. 

The  NASA  Ames  prediction  appears  to  be  correlated  with  the  symmetric  beam  bending  mode,  whereas  the  Bell 
prediction  has  better  correlation  with  the  asymmetric  beam  bending  mode.  But  the  point  of  greatest  interest 
in  these  predictions  Is  the  airspeed  where  the  damping  ratio  approaches  zero:  neither  of  these  prediction 
techniques  have  been  tested  in  this  area  as  airspeeds  to  date  have  not  approached  the  stability  boundary  ■ 
limits.  Data  presented  in  Fig.  13  represents  data  up  to  the  maximum  speed  obtainable  in  level  flight  with 
maximum  continuous  power  at  861  (517  rpm)  rotor  speed. 


TABLE  4.  COMPARISON  OF  PREOICTEO  ANO  MEASURED  TV- 1 5  WING  MODE  NATURAL  FREQUENCIES 


Wing  Bending  Modes 

Natural 

Predicted 

Frequency  Hz 

Measured 

Symmetric  beam  bending 

3.1 

3.3 

to 

3.4 

Asymmetric  beam  bending 

5.7 

6.1 

to 

6.7 

Symmetric  chord  bending 

5.3 

6.3 

to 

7.6 

Asymmetric  chord  bending 

5. 7/8.1* 

7.5 

to 

8.2 

Symmetric  torsional  bending 

7.9 

7.5 

to 

3.6 

Asyfnmetric  torsional  bending  /.5 

7,1 

to 

9.3 

*First  NASTRAN  model  did  not  include  a  wing/fuselage  shear 
tie  member.  Inclusion  of  this  member  increased  stiffness 
and  frequency. 


The  next  point  of  interest  is  the  large  variation  in  measured  damping  ratios  for  a  given  mode  and 
flight  condition.  The  symmetric  wing  beam  bending  mode  has  the  'east  amount  of  scatter.  This  is  caused 
by  two  factors.  First,  it  has  low  damoinq  level  and  is  easily  excited  by  the  flaoeron.  Second,  its 
natural  frequency  '3.4  Hz.;  is  s igni fican tl y  lower  than  the  other  modes,  and  the  absence  of  mode  coupling 
makes  it  easier  to  analyze  (see  c 1 gs .  7  and  10).  Other  modes,  specifically  the  symmetric  wing  chord  bend¬ 
ing  mode,  have  a  high  damping  level  at  the  airspeeds  tested,  and  the  modes  are  difficult  to  excite  with 
only  a  right-hand  exciter  system,  the  greater  the  scatter  in  the  data,  the  more  difficult  it  is  to  detect 
trends  in  the  data. 

The  third  point  of  interest  on  this  summary  plot  's  the  coupling  of  the  roll  stability  and  control 
augmentation  system  'SCAS1  with  the  asymmetric  wing  beam  bending  mode.  Coupling  of  the  roll  SCAS  caused 
the  oscillation  to  continue  after  the  flaoeron  exciter  was  turned  off,  giving  the  appearance  of  low 
damping,  see  Fig.  14.  Checks  made  with  the  rpil  5CAS  turned  off  produced  significantly  higher  levels  of 
damping.  Its  permanent  solution  was  the  incorporation  of  a  ’notched"  filter  in  the  roll  5CA5  to  prevent 
coupling  at  the  natural  frequency  of  6.0  Hz. 


6.  COMPARISON  OF  WINO  "UNNEL  FLIGHT  TEST  PESULTS 

Over  the  past  20  years,  a  significant  theoretical  and  model  testing  effort  has  been  made  to  under¬ 
stand  and  to  predict  the  structural  aeroelastlc  stability  characteristics  of  the  tilt  rotor  concept. 

Using  only  one  mode,  the  symmetric  winq  beam  bending  mode,  an  attempt  is  made  to  show  correlation  between 
ground  and  flight  test  results.  This  mode  was  selected  because  it  had  a  low  predicted  damping  level,  and 
therefore,  it  is  used  most  often  by  those  conducting  model  tests  to  evaluate  prediction  methods.  Figure  15 
is  a  composite  photograoh  showing  four  major  ground  tests  conducted  prior  to  the  flight  tests.  These  tests 
are: 


w  ■ 


18-6 


FI,. 

FI,. 

FI,. 

FI,. 


ISA  •  Mind  tunnel 
1S8  -  Mind  tunnel 
ISC  -  Mind  tunnel 
ISO  -  Mind  tunnel 


test  of  the  1/S  scete  semispan  win, 
test  of  the  full  scale  sealspen  win, 
tests  of  the  1/S  scele  XV-1S  aircraft 
test  of  the  XV-1S  aircraft 


F1,ure  16  presents  data  from  each  of  these  tests  with  a  comparison  to  flight  test  results.  In  general . 
there  appeers  to  be  fairly  good  agreement  between  ground  and  flight  tests  results,  with  the  aodel  tests 
tending  to  be  optlalstlc.  Figure  17  presents  the  saae  data  on  a  single  plot  and  Inctudes  Bell  Helicopter 
Company  and  NASA  Ames  prediction  curves.  The  ground  test  results  tend  to  confine  the  Bell  predictions, 
whereas  the  flight  test  results  tend  to  confine  the  NASA  Ames  predictions,  tt  oust,  however,  be  pointed 
out  again  that  It  Is  this  aode,  the  win,  beam  node,  where  the  greatest  difference  was  noted  between  the 
two  prediction  technigues.  Comparison  with  the  ground  tests  results  to  the  Bell  prediction  curve  Indi¬ 
cates  that  the  Bell  prediction  methods  are  conservative.  Flight  test  results  have  not  been  conducted  at 
high  enough  speeds  to  determine  If  the  MSA  Am as  curve  Is  also  conservative. 


7.  CONCLUSIONS 

1.  Within  the  airspeeds  tested,  the  XV-15  Is  free  of  structural  aeroelastlc  instabilities. 

2.  Resonant  frequencies  can  be  reliably  predicted  using  the  MSTRAN  method. 

3.  The  aeroelastlc  testing  indicating  that  the  theoretical  and  aodel  testing  effort  resulted  in 
prediction  methods  that  are,  in  general,  conservative  and  adequate  for  future  development  of  the  tilt 
rotor  concept. 

4.  Flight  test  techniques  need  to  be  refined  to  lower  the  risk  to  the  aircrew,  decrease  the  time  re¬ 
quired  for  data  collection,  and  permit  better  excitation  of  selected  structural  modes.  (Exciters  should 
be  Installed  on  both  wings  and  rotors.) 

5.  Postflight  off-line  data  analysis  method  should  be  refined,  and  if  possible,  moved  to  on-line 
data  processing  system. 
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Fig.  6.  NASA  Ames  stability  predictions  of  the  XV- 1 5  asyimtetric  rotor-pylon-wing  modes. 
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Fig.  13.  Summary  of  aaroelastlc  stability  data. 
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Fig.  15.  ConioosUe  ohoto  of  *  major  ground  tests. 
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Fig.  16.  Test  data  from  4  major  tests. 
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Fig.  17.  Plot  of  all  data  from  4  major  individual  ground  tests  and  flight  tests. 
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